First-order reversal curve (FORC) diagrams are used increasingly in geophysics for magnetic domain state identification. The domain state of a magnetic particle is highly sensitive to particle size, so FORC diagrams provide a measure of magnetic particles size distributions. However, the FORC signal of particles with nonuniform magnetisations, which are the main carrier of natural remanent magnetisations in many systems, is still poorly understood. In this study, the properties of non-interacting, randomly oriented dispersions of greigite (Fe 3 S 4 ) in the uniform single-domain (SD) to non-uniform single-vortex (SV) size range are investigated via micromagnetic calculations. Signals for SD particles (< 50 nm) are found to be in excellent agreement with previous SD coherentrotation studies. A transitional range from ∼50 nm to ∼80 nm is identified for which a mixture of SD and SV behaviour produces complex FORC diagrams.
26
Previous experimental studies on nano-patterned arrays of SV particles (Pike 27 and Fernandez, 1999; Dumas et al., 2007) found that FORC diagrams are signi-28 2 ficatively more complex than for SD signals, with complex off-axis "butterfly"
patterns that are related to vortex nucleation/annihilation processes. ever, it is difficult to relate the behaviour of 2D nano-patterned arrays to the 31 behaviour of natural particle systems found in geological samples. greigite. The relatively high anisotropy of greigite means that the behaviour of this mineral is representative of cubic-anisotropic ferri-and ferro-magnets Such magnetic particle systems will be driven spontaneously toward an equi-librium state with a locally minimal magnetic Gibbs free-energy (Brown, 1963) .
74
In this study we utilise a modified gradient descent method to find the equilib- has been known to produce variable results for magnetite (Chang et al., 2008) .
112
This places a degree of uncertainty on this measurement for greigite that is hard
113
to quantify in the absence of measurements acquired through means other than 114 low-temperature saturation magnetisation.
115
Chemical alteration of greigite at high temperatures has made difficult to is directly related to T C ; within a mean field approximation (Kouvel, 1956):
where K B is Boltzmann's constant, J AB is the exchange integral between A- :
where µ 0 is the magnetic constant (or vacuum permeability) and H = B/µ 0 .
154
Once
as determined by the so-called smoothing factor (SF) and including (2×SF + 1) formation. The external-field rate of change for all models was 1 mT with a 170 saturation field of 250 mT, so that 501 reversal curves were calculated for each 171 particle/field-orientation.
172
Scanning electron and transmission electron micrographs of naturally occur- 
Results

182
For ensembles with SD particles < 50 nm, hysteresis behaviour is dominated 183 by coherent rotation (Fig. 2) . This is seen by comparing FORC diagrams for 184 these ensembles ( Fig. 2b) 
222
Particles with size d ≥ 50 nm switch incoherently (Fig. 3) ; that is, the 223 FORC diagrams depart from coherent rotation behaviour associated with SD 224 particles as the tight boomerang-shaped FORC diagram pattern exhibited by 225 the SD greigite (Fig. 2 ) becomes more fragmented (Fig. 4) . This change is FORC diagrams (Fig. 4a,b) are not evident in changes in the saturation rema-
248
nence M RS to saturation magnetisation M S ratio up to 74 nm, whereas coercivity 249 decreases sharply above 48 nm (Fig. 5b) . The monotonically-decreasing coer- (Fig. 5b) to reduce the remanence to zero) to B C ratio, by the particles 80 nm and larger
258
( Fig. 5a ). Particles sized 62-72 nm move away from the top left of the Day plot
259
( Fig. 5a ) to a region with high remanence but larger B CR /B C values. These 260 sizes coincide with the anomalous coercivity increase for these sizes (Fig. 5b) .
261
The increased coercivities can be explained by vortex nucleation, which causes 262 hysteresis loops to become increasingly wasp-waisted ( (Fig. 4) . for magnetite.
281
Particles with hard axes aligned closely with the applied field nucleate hard-282 aligned vortices at high applied field values (Fig. 8) for the tilted, elongated response surrounding the local peak (Fig. 7, region 1) .
290
During hysteresis, as the remanent state is approached, all particles ≥ 80 nm (Fig. 7, regions 1, 2) .
298
As the applied field decreases past ∼−52 mT, the vortices of particles with 299 easy axis alignment close to the applied field annihilate (Fig. 8) . Reversal source of the faint negative contribution for B u < ∼45 mT (Fig. 7, region 3 ).
303
On increasing B b on these curves, nucleation of easy-aligned vortices occurs at 304 ∼−5 mT creating the boomerang-shaped response (Fig. 7 , region 4) that limits 305 the faint negative response in region 3; this corresponds with the smoothed 306 discontinuity in hysteresis curves as the field approaches zero from the left.
307
Increasing the applied field to positive values causes the easy-aligned vortices of 308 particles with hard axes close to the applied field to switch to hard alignments at
309
∼28 mT, creating a negative FORC region (Fig. 7, region 5) . The distribution 310 peak at region 6 (Fig. 7) corresponds to the average annihilation field of the 311 vortices on the reversal paths to positive saturation.
312
There is a large spread in the vortex nucleation and annihilation fields ( 
387
FORC diagrams were averaged for simulations between 30 and 100 nm ( Fig.   388 9a, c) and between 80 and 100 nm (Fig. 9b, d) . A normal distribution of sizes 
400
Both diagrams in Fig. 9 have a significant spread in the positive B u region.
401
This effect is purely due to domain state, not magnetostatic interactions. 
25
Figure 3: Hysteresis and reversal curves for 100 nm particle with hard axis close to the applied field. A hard-aligned vortex (a) is nucleated at ∼200 mT. As the field is decreased the vortex further winds thus decreasing its net magnetisation. At 10 mT the vortex switches to an easy axis alignment (the remanent state) (b). Calculation of the subset of reversal curves starting at the different switching fields (black dots) is sufficient to obtain the complete set of curves.
Colors code for low anisotropy (yellow) to high anisotropy (indigo). Negative contour values scaled by the number in brackets at the bottom of the colour-bar legend.
